This study reported the effects of enzymatic hydrolysis treatments on the physiochemical properties of beef bone extract using endo-and exoproteases. Each enzyme hydrolysis kinetics were studied using Michaelis-Menten model, and the ideal E/S ratio obtained for Protamex Ò (P), bromelain (B) and Fla-
Introduction
Proteins from meat, milk, wheat and soy are commonly used as ingredients in the food industry (Nielsen, 2009) . In this study, meat protein (i.e. beef bone extract) obtained from meaty beef bones is pressure cooked in water at 121°C for at least 2 h, before the resulting liquid is extracted, defatted and concentrated. However, opportunities to use beef bone extract as a food ingredient are often limited due to its high viscosity and weak flavour, which constrains its application to relatively low-value ingredients such as soup-or sauce-based, sports nutrition or pet foods. Currently, there is interest in converting these low-value meat products into highvalue functional food ingredients through enzymatic hydrolysis (Kristinsson & Rasco, 2000) . The process reduces the viscosity by cleaving peptide bonds to release free amino acids and low molecular weight (Mw) peptides (Villamil et al., 2017) . It also enhances flavour potential by generating meat flavour precursors and exposing sulfhydryl group (Lantto et al., 2009) .
Enzymatic hydrolysis can be controlled to produce hydrolysates with desired compositions and properties by choosing appropriate enzymes, varying the enzyme-substrate ratio and controlling the pH, temperature and time of hydrolysis (Villamil et al., 2017) . The use of commercial microbial (Alcalase Ò , Protamex Ò , Flavourzyme Ò and Neutrase Ò ) or plant (papain, bromelain, actinidain) proteases has been used to hydrolyse beef, chicken and pig bones, pigskin, and marine fishes to produce hydrolysates of increased value (Hou et al., 2011; Pag an et al., 2013; Dong et al., 2014; Song et al., 2016; Zhang et al., 2017) . For example, a hydrolysate of chicken bone extract made using Protamex Ò or Flavourzyme the mechanism of enzyme catalysis (aspartic, glutamic, metallo, cysteine, serine or threonine proteases) (L opez-Ot ın & Bond, 2008; Benjakul et al., 2014) . Protamex Ò is a microbial serine endoprotease obtained from Bacillus sp. that hydrolyses internal peptide bonds (mainly 'hydrophobic' -COOH) of a protein and is known to produce nonbitter hydrolysates (Liaset et al., 2002; Nguyen et al., 2011) . Bromelain, a cysteine endoprotease derived from pineapple stems (Calkins & Sullivan, 2007) , has low substrate specificity (Lys-, Arg-, Phe-, Tyr-COOH) and can hydrolyse different bonds such as peptide, amide, ester, thiol ester and thiono-ester bonds (Adler-Nissen, 1986; Cazarin et al., 2016) . Flavourzyme Ò is a mixture of fungal endo-and exoproteases from Aspergillus oryzae strain with very board specificity that minimises the bitterness that can occur in protein hydrolysates (Benjakul et al., 2014) . The presence of exoproteases in Flavourzyme Ò which cleave at the C-or N-terminal end of hydrophobic amino acid residues led to a reduction in bitterness (O'Sullivan et al., 2017) . Besides that, the extent of hydrolysis is important as excessive proteolysis reduces the Mw and could create unwanted flavours such as bitterness due to the formation of small peptides with a relatively high content of hydrophobic amino acids (Nielsen, 2009 ). The DHs directly influenced the Mw distribution and amino acid composition of hydrolysates (Kristinsson & Rasco, 2000) , whereas different DH indicate different functionality of hydrolysates such as Mw, where low Mw hydrolysates have lower viscosity (Nieto-Nieto et al., 2014; Zhang et al., 2017) .
The application of Protamex Ò and Flavourzyme Ò in single or sequential hydrolysis treatments to produce protein hydrolysates from animal bone extracts has been previously reported (Dong et al., 2014; Sun et al., 2014; Song et al., 2016) . However, there are no studies done on beef bone extract using combinations of plant and microbial proteases to hydrolyse protein. Furthermore, there is no work conducted on the hydrolysis kinetics of the three proteases and no comparison of the hydrolysis efficiency between simultaneous and sequential hydrolysis treatments. Therefore, in this study, the objective was to investigate the effects of enzymatic hydrolysis treatments on the physiochemical properties of beef bone extract. Protamex Ò , bromelain and Flavourzyme Ò were used to investigate the extent of hydrolysis in single, simultaneous and sequential hydrolysis treatments. The hydrolysis kinetics of each enzyme and the effects of hydrolysis treatments on degree of hydrolysis (DH), Mw distribution, sulfhydryl and disulphide bond contents, and viscosity of hydrolysates were studied. This allows us to have better understandings on how to control and optimise the extent of hydrolysis in future meat flavour development work.
Materials and methods

Materials
Beef bone extract (≥44% protein, ≤55% moisture, ≤3% ash, ≤1% fat and ≥53°Brix total soluble solids) supplied by Taranaki Bio Extracts Ltd (Hawera, New Zealand) was used as the substrate for hydrolysis. Protamex Ò (1. (Palmerston North, New Zealand) . FolinCiocalteu's phenol reagent, ortho-phtaldialdehyde, L-serine, glycine, sodium dodecyl sulphate (SDS), trichloroacetic acid and guanidine thiocyanate were obtained from Sigma-Aldrich, New Zealand. Tris-(hydroxymethyl) aminomethane, ethylenediaminetetraacetic acid (EDTA), L-tyrosine and sodium sulphite were obtained from BDH VWR Analytical, Australia. 2,2'-dithio-5,5'-dithio-dibenzoic acid (DTNB) and 1,4-dithiothreitol (DTT) were obtained from Merck Life Science, New Zealand. Di-potassium hydrogen orthophosphate, potassium dihydrogen orthophosphate and copper (II) sulphate were obtained from Ajax Finechem, New Zealand. Disodium tetraborate decahydrate was obtained from Koch-Light Laboratories, U.K. Urea and ammonia solution were obtained from ThermoFisher Scientific, New Zealand. The chemicals were of ≥98-99% purity. Ultrapure water purified by treatment with a Milli-Q apparatus; Millipore Corporation (Bedford, Massachusetts, USA) was used in all experiments. All other chemicals and reagents used were of analytical grade.
Total amino acid composition determination
The total amino acid of beef bone extract was determined according to Wilkinson et al. (2014) with slight modification. Beef bone extract was freeze-dried and ground to a particle size of <1 mm. Approximately 5 mg of the sample was mixed with 1 mL of 6 M HCl containing 0.1% phenol in glass hydrolysis tubes and sealed under vacuum to remove oxygen. Cysteine and methionine were determined using performic acid oxidation technique (AOAC 994.12). Hydrolysis was conducted to convert proteins to amino acids at 110°C for 24 h. The hydrolysate was then added with internal standard (50 lL of 40 mM L-Norleucine) and evaporated to dryness in a concentrator (Savant SpeedVac, Thermo Scientific, USA) to remove the acid. Then, 2 mL of 0.02 N HCl with 0.1% phenol was added to the concentrated solution and filtered off using a 0.22-lm filter prior to amino acid determination using ionexchange high-performance liquid chromatography (HPLC) system (LC-10A VP, Shimadzu, Japan) with amino acid cation exchange column (Waters, USA) and OPA postcolumn derivatisation, except for proline that was determined using another gradient system (Dionex RSLC3000, Thermo Scientific, USA) with precolumn derivatisation (AccQ Tag, Waters, USA) and C18 reverse-phase column (Dionex Acclaim, Thermo Scientific, USA) (AOAC, 2000) . The total protein content of the beef bone extract was determined by Kjeldahl method (N 9 6.25).
Enzyme activity assay
The proteolytic activity of each enzyme was determined according to Cupp-Enyard (2008) with slight modifications. Each enzyme was analysed under standard conditions and its recommended conditions (Table 1) . One unit of the protease was defined as the amount of enzyme required to hydrolyse sodium caseinate to produce colour equivalent to 1 lM of tyrosine in 10 min. Sodium caseinate solution (0.65% w/v) was prepared in 0.05 M potassium phosphate buffer at pH 7.5. A mixture of 5 mL of the sodium caseinate solution and 1 mL of the enzyme solution diluted 1:1000 or for powdered enzyme diluted 1:5000 w/w was vortexed and incubated at 37°C for exactly 10 min. A 'blank' was used by omitting the enzyme solution and replaced with ultrapure water. The enzyme activity was measured as the liberation of tyrosine from the substrate, which was measured as follows: The reaction was deactivated by adding 5 mL of 0.11 M trichloroacetic acid and held at 37°C for 30 min in a water bath. The precipitate was then removed using a 0.45-lm cellulose acetate (CA) syringe filter. Next, 2 mL of the filtrate was removed and added to 5 mL of 0.5 M sodium carbonate solution and 1 mL of 0.5 M Folin-Ciocalteu's phenol reagent. The reaction mixture was thoroughly vortexed and incubated at 37°C for 30 min and then filtered using a 0.45-lm CA syringe filter into a spectrophotometer cuvette.
Absorbance was read against a blank at 660 nm using a spectrophotometer (Ultrospec II, Pharmacia, England) and triplicates of the samples analysed. Solutions of L-tyrosine at concentrations between 0.055 and 0.553 lM were used to generate a standard curve. One unit of enzyme (U) was defined as follows:
where A = total volume of assay (mL); B = volume of enzyme used (mL); C = time of assay as per the unit definition; and D = volume used in colorimetric determination (mL).
Enzymatic hydrolysis of beef bone extract
Beef bone extract was transferred into a 250-mL conical flask and preincubated in a temperature-controlled water bath before the enzyme was added in. The enzymes were added on a weight basis rather than activity units. The native pH of bone extract was 6.68. The hydrolysis reaction was done in a shaking incubator (Multitron Standard, INFORS HT, Switzerland) at the recommended temperature of each enzyme (Table 1) for 120 min at 150 rpm. At the end of the hydrolysis, the flasks were placed in a heated water bath (85°C) for 15 min to inactivate the enzyme and then cooled in cold-water bath for another 10 min. The hydrolysates were stored at 4°C before further analysis. The hydrolysis duration was limited to 120 min as most studies shown that DH for similar enzymes started to exhibit a stationary phase at 120 min of hydrolysis (Pag an et al., 2013; Jridi et al., 2014; Shu et al., 2015) . The different enzyme systems used in the hydrolysis of beef bone extract is shown in Table 2 . To study the effect of enzyme-substrate (E/S) ratio, single-enzyme hydrolysis treatment was conducted at different E/S ratio at 0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 4.0% w/w (enzyme weight to protein weight). The DH was calculated to determinate the optimum E/S ratio for each enzyme, and single, simultaneous and sequential hydrolysis treatments were then conducted. Values are expressed as the mean and standard deviation. Enzyme activity (units mg À1 solid) which yielded the colour equivalent to 1 µmol of tyrosine per minute at each pH and temperature value assayed.
Degree of hydrolysis determination
The DH of beef bone hydrolysates was carried out using the OPA method as described by Nielsen et al. (2001) with slight modifications, to determine the concentration of a-amino groups in the hydrolysates. The OPA reagent was prepared as follows: 7.62 g disodium tetraborate decahydrate and 200 mg SDS were dissolved and sonicated in 160 mL ultrapure water. Fresh reagent was prepared by adding 40 mg OPA dissolved in 1 mL ethanol and 44 mg DTT dissolved in 1 mL ultrapure water for every 40 mL of borax/SDS solution, and the mixture was made up to 50 mL with ultrapure water before analysis. L-serine standard was prepared as follows: 7 mg serine was diluted with 50 mL ultrapure water (1.332 meqv/L). The sample solution was prepared by diluting the hydrolysates with ultrapure water. Then, 1 mL OPA reagent and 100 lL sample, blank or serine standard were mixed in a 1.5-mL Eppendorf tube. The mixture was then vortexed and transferred into a semi-micro disposable cuvette. The samples were left to stand for exactly two min before reading the absorbance at 340 nm using a spectrophotometer. The values of constants, a, b and h tot for meat protein were 1.0, 0.40 and 7.6, respectively. DH was calculated as follows:
h was calculated as follows:
where serine NH 2 =milliequivalent serine NH 2 /g protein; X = g sample; P = protein % in sample; 0.1 is the sample volume in litre (L). h was then calculated as follows:
Molecular weight distribution analysis
The molecular weight (Mw) distributions of beef bone hydrolysates were determined by size exclusion chromatography-high-performance liquid chromatography (SEC-HPLC) as described by Venuste et al. (2013) , Zhang et al. (2017) and Nchienzia et al. (2010) with modifications. The system consisted of a high-performance liquid chromatography (HPLC) system (LC-20AD, Prominence UFLC, Shimadzu, Japan) with an autosampler (SIL-20A HT), a column oven (CTO-20AC), together with an ultraviolet (UV) (SPD-20AV) and differential refractive index (DRI) detector (RID-20A) detectors. The eluent was prepared by dissolving 0.1 M potassium phosphate (pH 7.0) and 0.02% w/v sodium azide in ultrapure water. The solution was filtered through a 0.22-lm membrane filter followed by a 0.025-lm membrane filter and was degassed before use. The hydrolysates were diluted to a concentration of 20 lL mL À1 with eluent and filtered through a 0.22-lm filter before sample loading. Separation of the soluble hydrolysate fraction was accomplished using an SEC column (SB-806M HQ, Shodex, Japan) connected to a guard column (OHpak SB-G 8B, Shodex, Japan). The eluent was continuously sparging with helium and pumped through the HPLC system to the SEC column at a flow rate of 0.5 mL min À1 at 1.5 MPa. The eluent from the SEC column flowed through the UV detector at 214 nm and the DRI detector. The hydrolysates (50 lL) were loaded into the column through an injection port and were separated at 35°C, over an elution time of approximately 45 min. Calibration curves were obtained using four molecular standards from Sigma-Aldrich: cytochrome C (12 400 Da), aprotinin (6511 Da), insulin chain B (3495 Da) and leucine enkephalin (555 Da). The data were analysed using LabSolutions software (version 5.73, Shimadzu Corporation, Japan) to determine the molecular weight distribution. The molecular weight was calculated as follows:
The equation was obtained from the calibration data where MW represents molecular weight, while T represents elution time.
Sulfhydryl content determination
The sulfhydryl (SH) contents of the hydrolysates were determined according to Chan & Wasserman (1993) and Yin et al. (2010) with slight modifications. Ellman's reagent was prepared by dissolving 4 mg of DTNB reagent in 1 mL of Tris-glycine buffer (0.086 M Tris, 0.09 M glycine and 4 mM EDTA, pH 8.0). Next, 30 lL of bone hydrolysates was mixed with 10 mL of Tris-glycine buffer with (total SH) or without 8 M urea and 1% SDS (exposed SH). Then, 100 lL of the Ellman's reagent was added. The resultant solution was incubated for an hour at 25 AE 1°C in a water bath, with occasional shaking at 10-min intervals, and it was then filtered using a 0.45-lm CA syringe filter. The absorbance of the filtered solution was determined at 412 nm against the reagent buffer as the blank. The total protein contents of the hydrolysates were determined by Kjeldahl method (N 9 6.25). The SH contents were calculated using the extinction coefficient of 2-nitro-5-thiobenzoate (NTB) at 412 nm (13 600 M À1 cm À1 ) and expressed as lmol g À1 protein.
Disulphide bond content determination
The disulphide bond (SS) contents of the hydrolysates were determined according to Thannhauser et al. (1987) and Yin et al. (2010) with slight modifications. The synthesis of 2-nitro-5-thiosulfobenzoate (NTSB) was performed by dissolving 0.1 g DTNB in 10 mL of 1 M sodium sulphite (Na 2 SO 3 ). The pH of the reaction mixture was adjusted to 7.5, and 50 lL of 0.1 M ammoniacal solution copper (II) sulphate (CuSO 4 ) (three parts of NH 4 OH mixed with one part of CuSO 4 ) was added. The reaction mixture was magnetically stirred at 38 AE 1°C in a water bath for approximately 45 min until more than 99% of DTNB was transformed into NTSB. The reaction was followed by measuring the concentration of NTB by its absorbance at 412 nm. The NTSB test solution was prepared by diluting the reaction mixture (1:100 w/w) with fresh 0.2 M Tris-base buffer containing 0.1 M Na 2 SO 3 , 10 mM EDTA and 3 M guanidine thiocyanate (C 2 H 6 N 4 S). The NTSB test solution was then adjusted to pH 9.5 with 1 M HCl. Aliquots (200 lL) of bone hydrolysates were mixed with 6 mL of the NTSB test solution prepared just before use. Absorbance at 412 nm was determined using the NTSB test solution as the reference. The SS contents were calculated using the extinction coefficient of NTB at 412 nm (13 600 M À1 cm À1 ) and expressed as lmol g À1 protein.
Viscosity measurement
The viscosity of the hydrolysates was determined using a Paar Physica controlled-stress rheometer (MCR 301, Anton Paar Austria) fitted with concentric cylinder geometry (CC27 and C-PTD 200). Steady-state viscosity measurements were carried out at shear rates ranging from 1.0 to 100 s À1 at 20 AE 0.1°C with five measurements per decade. The measurements were performed in three replicates, and the results were expressed as an average value.
Data analysis
All experiments were carried out in three replicates, on new, freshly prepared samples and the results were reported as means AE standard deviations of the measurements. Data were analysed using Minitab Ò 16.2.1 statistical software (Minitab Inc, USA). Statistical analyses of observed differences among means consisted of one-way analysis of variance (ANOVA), followed by Tukey's pairwise comparison of means (P ≤ 0.05). Figures were exported from Origin Software 8.5 (OriginLab Corp., MA, USA).
Results and discussions
Total amino acid composition of beef bone extract
The total amino acid composition of beef bone extract is shown in Table 3 . The total protein content of bone extract from Kjeldahl method was 47.36 AE 0.54%. The essential, nonessential and hydrophobic amino acid contents of bone extract were 19.49, 80.51 and 53.64% of the total amino acids, respectively. Bone extract contained all essential amino acids other than tryptophan (not analysed), making it nutritionally beneficial. Clemente (2000) reported that the hydrophobic amino acid content contributed to the bitter flavour of peptides, which could be an issue when usage in foods. The use of enzymes such as Flavourzyme Ò , which cleave at the Cor N-terminal end of hydrophobic amino acids, could be used to reduce the bitterness of bone extract. The predominant amino acids in bone extract were glutamic acid, glycine, proline and hydroxyproline. Bone extract contained 10.16 mg/100 mg protein of glutamic acid, the sweet-umami amino acid used in the food industry as a flavour enhancer in the form of monosodium salt (Sukkhown et al., 2017) . Bone extract contained 10.07 mg/100 mg protein of hydroxyproline, which constituted 0.75 mg mg À1 protein of collagen, which gelled at chilled condition (≤4°C). In order to obtain protein hydrolysates with low bitterness, high umami taste, low viscosity and nongelling at chilled condition, the use and selection of enzymes are to be chosen wisely. Results from the amino acid composition showed that bone extract was a good source of collagen for various food applications.
Enzyme-substrate (E/S) ratio of each enzyme on beef bone extract
The DH of beef bone extract hydrolysed by Protamex Ò , bromelain and Flavourzyme Ò at E/S ratio of 0-4% w/w are shown in Fig. 1 . Bone extract has a DH of 0.33 AE 0.01%, without the addition of proteases. This could be due to the manufacturing process of bone extract, whereby the bones are pressure cooked in water for at least 2 h at 121°C. Similar hydrolysis due to heat treatment had been reported for wheat gluten proteins (Elmalimadi et al., 2017) . Bone extract hydrolysed by Flavourzyme Ò showed the highest DH compared to Protamex Ò and bromelain at E/S ratio of 0.5-4% w/w. The high DH in bone extract hydrolysed by Flavourzyme Ò could be due to its preferential specificity, as Flavourzyme Ò contains a mixture of endo-and exoproteases. Protein hydrolysed by the mixture of endo-and exoproteases could generate higher DH, as endoproteases digest both the secondary and tertiary structure of protein substrates, followed by removing a single amino acid, a dipeptide or a tripeptide from one of the free N-or C-terminals by exoproteases. Both Protamex Ò and bromelain contain only endoproteases. Therefore, bone extract hydrolysed by these two enzymes exhibited a lower DH than Flavourzyme Ò . There was no stationary phase for the three enzymes with increasing enzyme concentration, thus making it difficult to determine the optimum E/S ratio for each enzyme. Michaelis-Menten model is generally used to calculate the substrate concentration rather than enzyme concentration in an enzymatic reaction. However, in this study, Michaelis-Menten equation was used to determine the optimum E/S ratio in order to prevent enzyme saturation in case excess enzymes are being added:
where V max defined as the maximum rate of hydrolysis (DH; %) at the maximum (saturating) E/S ratio. The Michaelis constant K M is the E/S ratio (% w/w) at which the reaction rate was 50% of Vmax [S] . is the E/S ratio (% w/w). Based on the Michaelis-Menten equation using Microsoft Excel's Solver analysis tool, the modelled V max and K M values for the three enzymes fitted using Michaelis-Menten model are shown in Fig. 1 . In order to obtain a reasonable rate of hydrolysis, the ideal E/S ratio (K values) were calculated based on 80% V max , and were found to be 1.10, 1.60 and 4.70% w/w for Protamex Ò , bromelain and Flavourzyme Ò , respectively.
Effects of hydrolysis treatments on the degree of hydrolysis (DH) of beef bone hydrolysates
The DH of beef bone extract hydrolysed by Protamex Ò , bromelain and Flavourzyme Ò at different hydrolysis treatments are shown in Fig. 2 . Bone extract hydrolysed by Flavourzyme Ò exhibited highest DH compared to Protamex Ò and bromelain in single hydrolysis treatment. This was due to the high E/S ratio used to hydrolyse bone extract by Flavourzyme Ò , as well as larger activity of Flavourzyme Ò according to Fig. 1 at a range of E/S ratios. When combining Flavourzyme Ò with Protamex Ò or bromelain in simultaneous and sequential hydrolysis treatments, there was a significant increase in DH compared to single hydrolysis treatment. This correlated well with previous study by Nchienzia et al. (2010) , where simultaneous and sequential hydrolysis treatment of poultry meal using Acalase Ò and Flavourzyme Ò had higher DH than single hydrolysis treatment using Acalase Ò or Flavourzyme Ò . Bone extract hydrolysed using sequential hydrolysis treatment showed higher DH than simultaneous hydrolysis treatment, which was in accordance with Nchienzia et al. (2010) . This could be due to longer reaction time, a total of 4 h for sequential hydrolysis treatment and 2 h for simultaneous hydrolysis treatment, allowing the enzymes to have more time to hydrolyse bone extract. Besides that, the conditions used for simultaneous hydrolysis treatment followed Flavourzyme Ò recommended temperature, hence, Protamex Ò and bromelain might not be able to perform at its optimum when hydrolysing bone extract. However, there was no significant difference in simultaneous and sequential hydrolysis treatment when using the same enzyme combinations. The small gains of DH in sequential hydrolysis treatment may not be worthwhile, as it required twice as long to hydrolyse bone extract as compared to simultaneous hydrolysis treatment.
Effects of hydrolysis treatments on the molecular weight distribution of beef bone hydrolysates
The Mw distribution of beef bone extract hydrolysed by Protamex Ò , bromelain and Flavourzyme Ò at different hydrolysis treatments are shown in Table 4 . Different molecular standards were injected in separate runs, and a regression equation that relates Mw and elution time was established (Equation (5)). The samples were separated into five fractions (i.e. <1000, 1000-5000, 5000-10 000, 10 000-30 000, >30 000 Da) by SEC column at UV wavelength of 214 nm. The Mw distribution was related to DH, where hydrolysates with higher DH showed a higher proportion of low molecular peptides (<5000 Da), which was in accordance with Dong et al. (2014) and Zhang et al. (2017) Effects of hydrolysis treatments on exposed sulfhydryl and disulphide bond contents of beef bone hydrolysates
The SH and SS contents of beef bone extract hydrolysed by Protamex Ò , bromelain and Flavourzyme Ò at different hydrolysis treatments are shown in Fig. 3 . It was observed that with increasing DH, the hydrolysates tended to have a decrease in exposed SH content and an increase in SS content. All samples contained similar proportion of total SH contents (results not shown) as there was complete extraction of SH groups in bone extract and hydrolysates using tris-glycine buffer containing urea and SDS, due to the comparable protein contents in all samples. Bone extract hydrolysed by bromelain showed highest exposed SH contents compared to Protamex Ò and Flavourzyme Ò in single hydrolysis treatment. This could be due to bromelain, a cysteine protease containing one reactive SH group per molecule, that reacts stoichiometrically with DTNB (Murachi, 1976) . As there was no centrifugation step in the enzymatic hydrolysis process, the SH group in the bromelain residue could contribute to the exposed SH contents. When combining Flavourzyme Ò with Protamex Ò or bromelain in simultaneous and sequential hydrolysis treatment, there was no significant difference in exposed SH contents when compared to Flavourzyme Ò only, except for B + F. Besides that, there was no significant difference in SH contents for the hydrolysates in simultaneous and sequential hydrolysis treatments. Enzymatic hydrolysis led to the decrease in exposed SH contents in bone hydrolysates relative to bone extract, which was also reported by Zhao et al. (2011) . Proteases caused the partial unfolding of proteins or peptides, by uncovering the buried hydrophobic or SH group, leading to exposure of the thiol groups to the molecular surface and could then form aggregates (e.g. sulfhydryl-disulphide bond interchange) (Zhang et al., 2017) . Similar to exposed SH contents, bone extract hydrolysed by bromelain showed highest SS contents compared to Protamex Ò and Flavourzyme Ò in single hydrolysis treatment. When combining Flavourzyme Ò with Protamex Ò or bromelain in simultaneous and sequential hydrolysis treatment, there was only significant difference in SS contents for B + F and B > F when compared to single hydrolysis treatment. There was also no significant difference in SS contents between simultaneous and sequential hydrolysis treatments. It was observed that increased DH led to significant changes in SS contents, except for hydrolysates produced using bromelain. The SH group in the bromelain residue could undergo SH/SS interchange that led to the increase in SS contents for hydrolysates produced using bromelain. The increasing DH could promote exposure and formation of SS during the enzymatic hydrolysis which was also reported by Zhang et al. (2017) .
Effects of hydrolysis treatments on viscosity of beef bone hydrolysates
The apparent viscosity for beef bone extract decreased from 7.48 AE 0.51 to 5.24 AE 0.03 Pa.s as the shear rate increased from 1 to 100 s
À1
, showing slight shear thinning behaviour. Shear thinning behaviour was attributed to the stretching of fibrous meat protein (mainly collagen) and parallel alignment with flow stream during shearing (Tornberg, 2005) . The apparent viscosity of bone extract was approximately 109 higher than the hydrolysates that exhibited Newtonian behaviour. The apparent viscosities of seven hydrolysates were found to be lower than bone extract. This could be due to the higher DH, where larger proportion of high molecular weight peptides being cut into smaller fragments by the enzymes, resulted in reducing the viscosity of the hydrolysates.
Bone extract hydrolysed by Flavourzyme Ò (0.181 AE 0.009 Pa.s at a shear rate of 100 s À1 ) in single hydrolysis treatment exhibited lowest apparent viscosity. Protamex Ò and bromelain were 0.379 AE 0.007 and 0.349 AE 0.017 Pa.s at a shear rate of 100 s À1 , respectively. When combining Flavourzyme Ò with Protamex Ò or bromelain in simultaneous and sequential hydrolysis treatment, there was no significant difference in apparent viscosities at shear rate of 100 s À1 when compared to Flavourzyme Ò only. This shows that Flavourzyme Ò is efficient in reducing the viscosity of bone extract, without the addition of other enzymes. Overall, the results indicated that enzymatic hydrolysis affected beef bone extract by reducing the viscosity of hydrolysates.
Conclusion
The objective of this study was met where Protamex Ò , bromelain, Flavourzyme Ò and its combinations, had successfully hydrolysed beef bone extract into bone hydrolysates. Bone extract contained high protein content, low fat level and rich in flavour amino acids (aspartic and glutamic acids), making it a potential ingredient in food applications. The use of MichaelisMenten model for optimum E/S ratio determination had effectively shown the hydrolysis kinetics for the three enzymes. Of the three enzymes in single hydrolysis treatment, Flavourzyme Ò provided the greatest increase in DH, and consequentially the largest proportion of small Mw peptides (<5000 Da) and greatest reduction in viscosity. Combining Flavourzyme Ò with Protamex Ò or bromelain significantly increased DH. However, simultaneous or sequential hydrolysis treatments made little difference in any of the measured parameters. Hence, simultaneous hydrolysis treatment was preferred as it required lesser hydrolysis time. The enzymatic hydrolysis of bone extract demonstrated potential in converting these low-value meat products into highvalue functional ingredients with low viscosity and nongelling characteristics. The impact of these changes on meat flavour development will be further studied.
